Abstract: We present a periodic slot waveguide for achieving enhanced light-matter interaction that provides significant localized field and power density enhancements over traditional slot waveguides. The basic structure is based on a slot waveguide with 1-D periodic holes. The slot effect provides strong field enhancement and subwavelength confinement, and the periodicity of the structure is exploited to locally magnify or Bpinch[ the electric field distribution, resulting in additional enhancements. Characteristics of the modes presented by this structure are examined by finite-difference time-domain (FDTD) modeling. Distinct optical gradients and localized jEj 2 enhancements, which are up to $4-5 times greater than comparable slot waveguides, can be achieved. Potential application of the periodic slot waveguide structure to fields, including optical manipulation, sensing, and nonlinear or active material integration, is discussed.
Introduction
The slot waveguide has emerged as a useful tool within the growing suite of photonic components for achieving enhanced light-matter interactions due to its strong subwavelength confinement, enhanced field-intensity, low effective index, and large field overlap with void/cladding materials [1] . The distinct properties of the slot waveguide have led to advances in a wide variety of applications, including sensing [2] - [5] , nano-optomechanics [6] , [7] , nonlinear effects [8] - [13] , optical modulation [11] - [13] , and optical manipulation [14] - [16] . Similarly, photonic crystals have gained significant attention across a breadth of applications due to their ability to enhance light-matter interactions by manipulating light in one, two, and three dimensions [17] .
There is great potential in combining the photonic crystal and slot platforms to obtain superior characteristics within a single device structure. Indeed, recent works have theoretically investigated embedding a slot into 1-D photonic crystals, such as in a nanocavity to achieve ultralow mode volumes [18] , [19] , or in a coupled resonator configuration to obtain slow light effects [20] . In addition, several studies have investigated incorporating slots into the high-Q cavities of 2-D photonic crystal slab structures [5] , [6] , [13] , [21] , [22] . All of these demonstrations have sought to enhance the local field intensity and improve light-matter interaction by either trapping light in a slotted resonator or slowing-light down in a slotted photonic crystal waveguide. However, few of these works specifically investigate the strong field confinement and localized enhancements that can be achieved in the photonic crystal slot platform.
Here, we demonstrate that incorporating 1-D periodicity into the slot waveguide structure can be exploited to significantly redistribute the fields of both guided and defect modes, resulting in distinct optical gradients and localized field enhancements that exceed those of traditional slot or photonic crystal structures. The basic structure is highly tunable and can be readily integrated into the suite of existing nanophotonic components. We refer to this novel waveguide structure as the Bpinch waveguide. [ 
Finite-Difference Time-Domain Simulation of Guided Modes

Bands and Field Properties
The pinch waveguide structure consists of a traditional slot waveguide superimposed with air (or low index) holes periodically arranged at every interval a along the length of the waveguide. For an appropriate range of parameters, this structure exhibits a photonic bandgap (PBG), which prevents a set of frequencies f! 1 ; ! 2 g from guiding. Outside of the PBG, there are various distinct bands, or eigenmodes, where guiding is possible.
To examine the modal characteristics of the pinch waveguide structure, simulations were performed using the 2-D finite-difference time-domain (FDTD) method [23] , combined with harmonic analysis techniques [24] , in a freely available software package [25] . Unless otherwise noted, all simulations are performed using normalized units with a grid resolution of a=144 and subpixel averaging enabled to improve accuracy [26] . Fig. 1(a) presents the proposed waveguide geometry and the band structure for an example design with a high dielectric contrast, with " 1 ¼ 13, " 2 ¼ 1 (e.g., InGaAs or Si in the near IR). The air-hole structure was selected because its connectivity promotes large PBGs for TE polarization [27] , and TE polarization is required to observe the slot-effect [1] . Compared with a periodic air-hole waveguide, the addition of the slot effectively reduces the dielectric contrast of the 1-D periodic structure. Despite this reduced contrast, large PBGs are observed, with gap-to-midgap ratios Á!=! 0 ¼ 2ð! 2 À ! 1 Þ=ð! 2 þ ! 1 Þ typically around 0.15. As shown in the inset to Fig. 1(a) , adjusting the slot-width ws or the hole-radius r , influences the gap-to-midgap ratio. For moderate values of ws, such as those examined in Fig. 1(a) , the gap-to-midgap ratio tends to increase with hole-radius. Here, we note that a mode-gap cavity could theoretically be implemented in a manner similar to other slotted 2-D photonic crystal slab structures where a local modification in the hole size and/or positioning, or alternatively the slot width, give rise to a cavity mode. Recent work has demonstrated the possibility of achieving ultrahigh Q-factors, up to $7:2-7:5 Â 10 5 , in 1-D mode gap cavities based on a nonslotted air-hole waveguides [28] - [30] ; similar Q-factors can be expected for pinch waveguides with proper design optimization. We further discuss such defect modes in Section III.
Immediately above and below the PBG are the air and dielectric bands, respectively. The air band is characterized by the electric fields concentrating primarily in the vicinity of the air-holes (or low index). The fields are also highly evanescent, suggesting that such modes have a very low modal index n eff . If we consider a pinch waveguide operating at 1550 nm, for example, with r ¼ 0:45a, ws ¼ 0:24a, w ¼ 1:2a, and a ¼ 600 nm, we find a very low modal index of n eff % 1:16. Given these characteristics, we expect that such a structure would be particularly well suited for optical sensing in gas or liquid environments, where significant field overlap with cladding materials provides enhanced sensitivity [2] . Furthermore, we predict that this structure could provide substantial enhancements to surface sensing, for example, the detection of biomolecular monolayers, owing to the increase in surface area compared to the traditional slot waveguide [31] .
The dielectric band, which will serve as our primary focus for the remainder of this study, is characterized by the electric field being very tightly confined to the slot region between air-holes, as shown in the field distribution in Fig. 1(c) . This local confinement is a direct result of combining two important effects resulting from Maxwell's equations. The first effect provides strong optical confinement in the y -direction, and is the well-known slot-effect resulting from the continuity of the displacement field normal to an interface [1] . For high dielectric contrast structures, this leads to a distinct discontinuity in the electric field in the form of an enhancement in the region of low dielectric constant, as described by (1), where the slot has dielectric constant " 2 and is oriented such that the y -direction is normal to the dielectric interface. Thus, for a large dielectric contrast structure, such as " 1 ¼ 13, " 2 ¼ 1, the electric field immediately inside the slot can be enhanced approximately one order of magnitude
The second effect arises from the periodicity of the structure, resulting in a redistribution of the fields in the x -direction, and locally enhances the fields in the regions between holes where the effective dielectric constant is the highest. The tendency for electric fields to concentrate in regions of higher effective dielectric constant can be considered as a property of the electromagnetic variational theorem [17] , which states that the lowest frequency mode corresponds to a field distribution that minimizes the electromagnetic energy functional
In this expression, H represents the magnetic-field eigenmode that minimizes the electromagnetic energy functional U f , " is the dielectric function, and E is the corresponding electric field distribution, subject to r Á "E ¼ 0. Note that concentrating the electric field to regions of higher dielectric constant helps to minimize U f by maximizing the denominator of (2). Due to the dielectric band containing the lowest frequency modes, the resulting field distributions for this band are most tightly confined to the higher " regions between air-holes [see Fig. 1 (c)] [17] .
In Fig. 2 , we compare the modal characteristics of the pinch waveguide with those of the traditional slot waveguide and 1-D periodic air-hole waveguide. Individually, the field distributions of the slot waveguide and air-hole waveguide directly illustrate the two primary effects discussed above, which respectively contribute to the strong field confinement observed in the pinch waveguide structure. As expected, the slot waveguide is characterized by strong field confinement in the y -direction. However, we note that the time-averaged power density shows a significant fraction of the total power is distributed in the high dielectric region, which is also true for traditional slot waveguides. Typically, a traditional slot waveguide cannot confine more than $30% of the optical power inside of the slot region [1] . The air-hole waveguide, by comparison, shows relatively poor confinement in the y -direction but strong field localization along the x -direction in the region between air-holes, which is especially apparent in the time-average power distribution. This is a primary example of the sort of behavior that is expected from the electromagnetic variational theorem and (2). The combination of the slot effect and the periodic field concentration in the pinch waveguide locally compresses the electric field in space, resulting in a very strong subwavelength confinement and strong localized field enhancements.
Field Enhancements and Power Confinement
For a more detailed examination, we compare example slot and pinch waveguides with a high dielectric contrast ð" 1 ¼ 13; " 2 ¼ 1Þ, which is designed to operate at ¼ 1550 nm. Choosing a ¼ 387:5 nm places the nominal operating range well into the dielectric band and away from the band edge where group velocity theoretically slows to zero. This design choice allows us to demonstrate that the fundamental field enhancement of the pinch waveguide is not a slow-light effect, while we note that designing the pinch waveguide to operate in the slow-light regime would only further enhance the local field intensities. Now let us consider a slot width ws ¼ 0:12a of approximately 45 nm. This relatively small slot width is first chosen because for a traditional slot waveguide, the field-enhancement within the slot always increases with reducing slot width [1] , and second, it is close to the low-end of the scale of what can be reliably produced by conventional electron-beam lithography. In other words, this choice of ws represents a case where the fieldintensity in the traditional slot waveguide is very high. We note that for some applications, for example when maximum field enhancement is desired, the optimal design choice may be dictated by technological limitations.
In Fig. 3 , we compare the electric field enhancement and power confinement provided by the pinch waveguide with that of the traditional slot waveguide. In order to make this comparison, all intensities are normalized to the total optical power in the respective waveguide and then weighed Fig. 2 . Example electric field (instantaneous) and power distributions (time-averaged) for three waveguide structures. The pinch waveguide combines principles from both slot and periodic geometries to obtain extreme subwavelength confinement in a guided mode. Note that each field image is normalized to its own linear color scale (dark red þ to dark blue À).
relative to the traditional slot waveguide. As observed in Fig. 2 , the time average of jEj 2 is nonzero and, for the traditional slot waveguide, constant as a function of x -position. This is also clear in Fig. 3(b) when examining the field in the middle of the waveguide as a function of x -position for the case r ¼ 0 (traditional slot waveguide), where we find a uniform jEj 2 . The pinch waveguide however, shows significant jEj 2 enhancements, up to $4-5 times greater than the slot waveguide, which are maximized periodically in x at locations directly between holes.
Importantly, we find that both the nominal peak enhancement and the general shape of the spatial enhancement can be tuned by varying the hole radius. As the hole radius is increased, the length of the high index region between holes is reduced. This further compresses the field in the x -direction and results in additional field enhancement [see Fig. 3(b)-(d) and the supplementary video Media 1]. This will be available at http://ieeexplore.ieee.org. The trend for field enhancement as a function of hole radius is shown as the inset to Fig. 3(c) . If we assumed that all of the electromagnetic energy was uniformly confined between holes, then the field enhancement would continue to increase with r , eventually approaching infinity as the hole radius approached 0:5a. However, this is clearly not the case, as we do not observe an asymptotic increase in the field enhancement. Instead, we find that the field enhancement increases monotonically and plateaus to a maximum value near r ¼ 0:5a.
Here, we would like to emphasize that by achieving such strong field enhancements over the traditional slot waveguide, the pinch waveguide achieves normalized field intensities that are superior to any dielectric-based guided mode structure that is not operating in the slow light regime. Also, these field enhancements coincide with a reduced total interaction volume, similar to the tradeoff posed by the traditional slot-waveguide, where the largest enhancements occur for the smallest slot widths.
As shown in Fig. 3(e) we have also investigated the power confinement within particular regions of the pinch waveguide as a function of hole size (again considering a ¼ 387:5 nm, ¼ 1550 nm). For this analysis, we define two regions from the unit cell, i.e., regions I and II, each with width ws ¼ 0:12a [see Fig. 3(a) ]. We also define a third region, region III, as the intersection of regions I and II, containing a small area ws Â ws. The equivalent regions on the traditional slot waveguide are denoted in lower case (i, ii, iii).
Examining the power distribution in the x -direction, we find that up to $28% of the optical power can be found in region II (centered between air-holes). This is a significant increase over the 12% of power that would be found in the same region ii for any traditional waveguide (slot or otherwise) that has continuous translational symmetry. We find that up to $35% of the optical power is confined in the y -direction to region I. This value is also larger than the $23% power confinement that can be achieved in a traditional slot waveguide of the same dimensions. Owing to the behavior observed in Fig. 3(d) , we refer to region III as the Bpinch[ region. The power confined in this region is as high as $15%, a significant increase over what is found in the traditional slot waveguide, which shows only $3% power confinement. In other words, the typical power confined within the Bpinch[ region of the pinch waveguide is up to 400% enhanced compared with a traditional slot waveguide of the same dimensions.
FDTD Simulation of a Pinch Nanocavity
To this point, we have focused primarily on the guided mode behavior of the pinch waveguide structure, which requires operating outside the PBG. Importantly however, we can also engineer defect modes within the bandgap by breaking the translational symmetry of the periodic lattice to form a nanocavity [27] - [30] . In Fig. 4 , we present an example nanocavity based on the pinch waveguide. The nanocavity consists of three sections: a defect, taper, and Bragg mirror. The taper is an important component as it helps to reduce scattering losses at the otherwise abrupt defectmirror interface, where there is typically a large mismatch between the effective index of the defect and the evanescent Bloch mode in the mirror [28] - [30] , [32] - [34] . Our taper consists of five holes, each with subsequently decreasing radii r n and lattice constant a n . Without performing any taper optimization, we have chosen a linear taper, varying a n from a to 0:85a, and varying r n linearly from r to 0:785r . In this 3-D example, we also utilize a defect spacing d ¼ 0:825a, ws ¼ 0:12a, r ¼ 0:42a, and w ¼ 1:2a, and a waveguide height h ¼ 0:6a. This combination of slot width and nominal hole radius are selected to produce a large PBG [see Fig. 1(a) ]. Finally, we note that while ws is constant throughout this structure, it could be modified locally to serve as an additional tool toward optimizing the taper, cavity, or in customizing the field profile.
Our pinch nanocavity was simulated using the 3-D FDTD method with a grid resolution a=36 and subpixel averaging enabled. The defect mode presented by this particular cavity exhibits a very distinct field distribution, as shown in Fig. 4 . In particular, we note that similar to our observations for dielectric band guided modes, the electric field amplitude is locally maximized in the Bpinch[ regions between air-holes. Similar to most slotted cavity designs, the fields are very strongly localized in the y -direction. This results in a very low mode-volume V eff , as defined elsewhere [18] , [22] , which is determined by 3-D FDTD calculations to be 0:035ð=nÞ 3 . This value is well below the diffraction limit and dramatically smaller than values reported for nonslotted cavity structures [19] , [28] - [30] , [33] and is comparable with what has been reported for slotted 2-D photonic crystal slab modes [22] . This cavity mode also exhibits a high quality factor Q ¼ 1:56 Â 10 4 . Despite potential for optimization, this Q-factor is among the highest reported for any slotted 1-D photonic crystal cavity [18] , [19] , [34] . While slotted 2-D photonic crystal slabs have shown theoretical quality factors on the order of 10 5 [5] , [22] , we note that recent optimizations of nonslotted 1-D cavities have produced ultrahigh theoretical quality factors $10 7 -10 9 [28] , [30] , suggesting that simpler 1-D structures can rival the figures of merit set by 2-D photonic crystal slab cavities [35] . Furthermore, we note that the Bpinch[ geometry offers the potential to dramatically manipulate the localized field confinement and optical gradients [e.g., Fig. 3(d) ], which is not directly possible in 2-D photonic crystal slab structures.
Outlook
Given the unique properties of the pinch waveguide, we foresee a variety of potential applications. One prospect is for optical manipulation, where small matter, such as nanoparticles or biomolecules, are confined and transported by optical command. One problem faced by conventional optical manipulation techniques, such as optical tweezers or evanescent trapping, is that small particles only interact with a very small fraction of the optical field. This ultimately makes it difficult to achieve sufficiently strong optical forces to manipulate very small particles. Recent advancements have demonstrated increased optical control by using slot waveguides [14] , microring resonators [36] , and nanocavities [37] . These approaches increase light-matter interaction and correspondingly increase the optical forces experienced by small particles, resulting in unparalleled trapping stiffness [38] . In a similar manner, we expect that the field enhancements and sharp optical gradients of the pinch waveguide could be exploited for optical manipulation, as illustrated in Fig. 5(a) . In a guided mode structure, for example, nanoparticles will experience significantly enhanced optical forces owing to the distinct power and electric field concentration in the Bpinch[ regions. Thus, the structure could be considered as a nanoarray of strong point traps where optical confinement (i.e., Fy, Fz) and radiation pressure (i.e., Fx) are distinctly enhanced. Naturally, a pinch nanocavity, such as the one presented in Section III, could also be employed to further improve the optical confinement and enable stronger stationary trapping.
The strong power confinement of the pinch waveguide further opens the possibility for increasing the effectiveness of integrated active materials. A wide variety of nonlinear [8] - [13] phase changing [39] , [40] , electroluminescent [41] , or otherwise active materials are being explored for achieving optical amplification, modulation, and detection in nanophotonic devices. Integrating these materials into the Bpinch[ region of the waveguide [see Fig. 5(b) ], where power confinement is enhanced $250-400% over a conventional slot waveguide, could enable more effective and/or compact devices with reduced power requirements. Finally, we propose that pinch waveguides could also be implemented in a variety of geometries, similar to conventional slot waveguides and photonic wires, such as the ring resonator configuration [see Fig. 5(c) ]. Depending on the particular application, this structure can be adjusted to operate using either air band or dielectric band guided Fig. 4 . Slotted nanocavity based on the pinch waveguide structure and the cavity mode Ey distribution. The center-to-center hole spacing is linearly tapered from a to 0:85a, while the hole radii are linearly tapered from r to 0:785r . With a defect spacing d ¼ 0:825a and r ¼ 0:42a, this structure exhibits a quality factor Q ¼ 1:56 Â 10 4 and mode volume V eff $ 0:035ð=nÞ 3 . modes. Additionally, the field profiles can be fine tuned by modulating the hole and slot sizes, enabling the structure to be further optimized for sensing analytes or manipulating particles of different sizes. Implementing the pinch waveguide geometry, at optical frequencies, is readily achievable with modern nanofabrication techniques such as electron-beam or nanoimprint lithography followed by reactive ion etching. While the theoretical investigations presented here are for ideal structures, realistic implementations are prone to nonidealities, including distortions to the hole-shape or positioning, as well as sidewall roughness, which can be introduced in the fabrication process. However, the fabrication challenges faced by the pinch waveguide geometry are comparable to those faced by modern photonic crystal and slot waveguide structures. Also, while the field enhancements of the pinch waveguide suggest stronger interaction with sidewall nonidealities and the possibility of greater scattering losses, these interactions are localized periodically, resulting in a reduced total interaction distance. Therefore, we expect the optical losses introduced by sidewall roughness to be comparable with traditional slot waveguides of similar dimensions.
Conclusion
We have presented a novel photonic platform, the Bpinch waveguide,[ which is based on a slot waveguide with 1-D periodic holes. The structure exhibits significant localized field enhancements in both guided and defect modes that are stronger than what can be achieved by using either the conventional slot or 1-D periodic hole structures alone. Distinct and tunable optical gradients, as well as localized jEj 2 and power confinement enhancements, up to $4-5 times and $250-400% enhanced, respectively, over comparable slot waveguides, can be achieved. Notably, the guided mode field enhancements of the pinch waveguide are fundamentally not linked to slow-light effects, as are other previous combinations of slotted and photonic crystal geometries. Therefore, extension into the slow-light regime would only produce further enhancements owing to the reduction in v g . Importantly, we have also demonstrated that the pinch waveguide can be implemented to construct resonators with ultralow modal volumes and high quality factors, which are more compact and simpler to implement than other 2-D photonic crystal configurations. The pinched field phenomenon arises from the combination of two important results of Maxwell's equations: 1) the slot effect and 2) the electromagnetic variational principle. Many potential applications related to sensing, optical manipulation, and nonlinear or active material integration could benefit from utilizing the pinch waveguide design. 
